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A 22.2-kb variable region near the left end of the chlorovirus CVK2 genome that was previously supposed to be expanded
compared to the PBCV-1 genome was characterized. This region contains a tandem array of five gene copies for the
Vp260-like protein, a viral-surface glycoprotein. The authentic 104-kDa Vp260 was found to be encoded at another site on the
genome and to contain 13 internal tandem repeats of 61–65 amino acids, similar to the prominent Rickettsia surface antigen.
The extra copies were also found to retain 10 of the internal repeats, despite the C-terminal deletions or extensions. These
extra copies are conserved among chloroviruses isolated in various areas of Japan. By Northern blot analysis, these genes
were demonstrated to be expressed late in infection. The proteins are incorporated into virions, as revealed by comparing
viral structural proteins between wild-type and deletion mutants. These results indicate that extra copies of Vp260-likeINTRODUCTION
Chloroviruses (Phycodnaviridae) are large icosahe-
dral, dsDNA-containing viruses that infect certain strains
of the unicellular green alga Chlorella and are ubiquitous
in natural environments (for reviews, see Van Etten et al.,
1991; Van Etten and Meints, 1999). One of the remarkable
features of chloroviruses is that their giant, linear dsDNA
genome extends for 330–390 kb, which is approximately
60% of the size of the smallest genome of microorgan-
isms (580 kb for Mycoplasma genitalium; Fraser et al.,
1995). The DNA termini consist of covalently closed hair-
pin loops that are followed by identical inverted repeats
of various sizes, for example, 2221 bp for chlorovirus
PBCV-1 (Strasser et al., 1991) and 1.0 kb for chlorovirus
CVK1 (Yamada and Higashiyama, 1993). The nucleotide
sequence of the 330,740-bp genome of PBCV-1 (the pro-
totype virus of Phycodnaviridae) has been determined,
and 701 open reading frames (ORFs) have been identi-
fied (Kutish et al., 1996; Li et al., 1995, 1997; Lu et al.,
1995, 1996). Some ORFs show significant homology with
the genes for enzymes involved in the modification of
DNA, RNA, protein, and polysaccharides, as well as
those involved in the metabolism of sugars, amino acids,
lipids, nucleotides, and nucleosides. Some genes re-
semble those of bacteria and phages, whereas others
are similar to those of eukaryotic organisms and their
viruses (Van Etten and Meints, 1999). However, details ofthe expression and function of these genes are largely
unknown.
Among natural virus isolates, the genome size varies
from 330 to 390 kbp (Rohozinski et al., 1989; Yamada et
al., 1993), and large deletions (27–45 kb) in the genome
are reported to occur readily for CVK1 (Songsri et al.,
1995) and PBCV-1 (Landstein et al., 1995). These obser-
vations suggest dynamic and frequent rearrangements
of chlorovirus genomes during replication in natural en-
vironments. To understand the fundamental organization
of the chloroviral genome and to assign essential genes
for viral replication, it will be important to distinguish
highly conserved regions from variable and/or dispens-
able regions on the genome. Recently, Nishida et al.
(1999) have compared the gene arrangement along the
genome between CVK2, a virus isolated in Kyoto, Japan,
and PBCV-1, which was isolated in the United States (Van
Etten et al., 1982), finding four major variations: (1) inser-
tion of an approximately 20-kb sequence around the left
end of CVK2 DNA, (2) a duplication of the gene for the
major capsid protein in CVK2, (3) deletions/insertions of
some ORFs, and (4) a divergence in the terminal inverted
repeat sequences. Despite these changes, extensive
colinearity has been maintained for many genes along
the CVK2 and PBCV-1 genomes.
In the present study, we characterized the extra
22.2-kb sequence of the CVK2 genomic DNA and found
five copies of the gene for a Vp260-like protein, a viral-proteins encoded in a variable region on the genome may
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RESULTS
Nucleotide sequence analysis of the extra region of
CVK2 DNA
An approximately 20-kb region was detected, extend-
ing at the left end of CVK2 DNA, which makes CVK2 DNA
larger than PBCV-1 DNA (Nishida et al., 1999). We have
been interested in determining what sequences are
present within this region, which is confined within the
cosmid clone 1D5 (Nishida et al., 1999). When EcoRI
fragments of cosmid 1D5 were hybridized with PBCV-1
DNA as a probe, four contiguous fragments of 6.3, 0.6,
7.4, and 8.4 kb showed no significant hybridization (data
not shown), indicating that these fragments contain the
sequence of interest. A nucleotide sequence of 24,560
bp was determined for these EcoRI fragments (DDBJ
Accession No. AB063108). A comparison of this nucleo-
tide sequence with that of PBCV-1 (GenBank Accession
No. U42580) revealed that position 1969 corresponds to
position 4901 of PBCV-1 DNA and that after this position,
sequence homology is completely disrupted. This posi-
tion of PBCV-1 DNA is located within the intergenic
region between ORFs A8L and A9R, which contain nu-
merous small repetitive sequences. Therefore, we re-
gard this position as the left junction of the nonhomology
between the CVK2 and the PBCV-1 sequences.
Position 24,209 of the CVK2 sequence corresponds to
position 20,552 of the PBCV-1 sequence. Both se-
quences after these positions show high colinearity, so
that the right junction of CVK2 and PBCV-1 correspon-
dence should be here. Position 20,552 of the PBCV-1
sequence is located upstream of ORF A34R, probably
within its promoter region. There are no obvious repeti-
tive sequences around this junction. Based on these
results, it was determined that instead of a mere inser-
tion of an extra sequence into the CVK2 region, a
15,651-bp sequence of PBCV-1 was replaced by a
22,240-bp sequence in CVK2 DNA (Fig. 1). Therefore, “an
extra 20-kb” region at the left end of CVK2 DNA that
was previously supposed from Southern blot analysis
(Nishida et al., 1999) was overestimated and turned out
to contain a net 6.6-kb extra sequence compared to the
PBCV-1 sequence.
The 15,651-bp PBCV-1 sequence was amplified by
PCR, but Southern blot analysis (data not shown)
showed no similarity with CVK2 DNA, indicating that the
PBCV-1 sequence was not translocated to other sites
and is not present in CVK2 DNA. The 15.7-kb region of
PBCV-1 contains seven major ORFs (A9R, A10R, A11L,
A14R, A18L, A25L, and A29L). A10R and A11L are similar
to the PBCV-1 major capsid protein Vp54, and A14R,
A18L, and A29L showed significant homology with Rick-
ettsia cell-surface antigens (Lu et al., 1995). No homolo-
gous sequence is found for A9R or A25L in the data-
bases. The functions of these genes are largely un-
known.
Identification of genes encoded within the extra CVK2
region
The results of a search for possible ORFs within the
22,240-bp extra CVK2 region is shown in the lower part of
FIG. 1. Comparison of the CVK2 and PBCV-1 genomes and physical maps of the CVK2 extra region. A cosmid clone (ID5) covers the CVK2 extra
region of CVK2. EcoRI sites are shown by vertical bars on the map. Asterisks show the positions of the genes for the A122R or Vp260 protein. Arrows
under the map indicate ORFs and their directions within the region. Nucleotide position is according to the data deposited with the databases
(Accession No. AB063108).
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Fig. 1. No significant ORFs larger than 150 aa were found
in the forward sequence, except for one located at po-
sitions 22,890–24,125. This ORF (URF1) of 412 aa is not
accompanied by an appropriate upstream promoter, it
shows no homology with sequences in the databases,
and its nature is unknown. On the other hand, five ORFs
larger than 900 aa (ORF1, positions 6469–2969; ORF2,
positions 10,927–6539; ORF3, positions 15,401–11,010;
ORF4, positions 19,868–15,825; ORF5, positions 22,801–
19,934) and one smaller ORF (positions 2930–2004) are
found along the complementary sequence, as shown in
Fig. 1. While the smaller ORF (URF2) shows no significant
homology with sequences in the databases, the pre-
dicted amino acid sequences of the other five show a
high level of homology with that of Vp260 (A122R) of
PBCV-1, one of the three glycosylated capsid proteins
(Que et al., 1994) (Table 1). A nucleotide-sequence com-
parison by matrix plot analysis revealed that the inner
three ORFs (ORFs2–4) are very similar to one another
and that the outer two (ORF1 and ORF5) have lower
levels of homology to other ORFs (data not shown). It is
interesting to note that a characteristic pattern of dots is
seen within each ORF region, likely due to the presence
of small repetitive sequence elements.
The gene for PBCV-1 Vp260 (A122R) is located approx-
imately 40 kb from the region of nonhomology with CVK2
(Fig. 1). Judging from the gene colinearity, another copy
of the gene for Vp260 is still possible at the correspond-
ing position on the CVK2 genome. Using PCR and a set
of oligonucleotide primers synthesized according to the
PBCV-1 sequence, a 3-kb CVK2 DNA was amplified,
cloned (pVp260), and partially sequenced. This DNA frag-
ment hybridizes to a 7.8-kb EcoRI fragment of cosmid
clone 5D8 (Nishida et al., 1999) of CVK2 DNA (data not
shown). Therefore, the authentic Vp260 gene of CVK2 is
located at a comparable position with that in PBCV-1
DNA (Fig. 1). No other copies of the Vp260 gene were
detected on the CVK2 genome by Southern blot analysis
(data not shown).
The predicted amino acid sequences for these copies
of CVK2 Vp260-like genes are compared in Fig. 2. There
are 13 tandem repeats of 61–65 aa residues in Vp260
(Que et al., 1994). All the extra ORFs retained the first 10
copies of them. As expected from the matrix plot analy-
sis, ORF2, ORF3, and ORF4 show higher levels of homol-
ogy to one another (72–82% amino acid identity over the
first 1347 residues), even though ORF2 and ORF3 have a
125-aa C-terminal extension.
An 895-aa central portion of these ORFs (positions
41–935 in ORF2) has approximately 20–24% sequence
homology with the corresponding region of PBCV-1
Vp260 (Table 1). In comparison with these three ORFs,
ORF5 has a 9-aa N-terminal extension and a very large
C-terminal truncation (500 aa). Similarly, a 10-aa N-
terminal extension and a 300-aa C-terminal truncation
are present in ORF1. The latter two ORFs were found to
show 21–24% amino acid sequence homology with the
corresponding sequences of PBCV-1 Vp260. From the
alignment of total amino acid sequences, a dendrogram
was constructed using the Clustal W program (Fig. 3).
Three lineages are apparent: a Vp260 line; an ORF1 line;
and a line from which ORF5 and a cluster from which
ORF2, ORF3, and ORF4 are derived. These results indi-
cate that three internal copies of the 5-member gene
cluster may have evolved sequentially from an ancestor
of ORF5.
The 50–60 bp preceding most major PBCV-1 ORFs,
which may function as a promoter, has an AT content
of at least 79% (Schuster et al., 1990). The corresponding
60 bp immediately upstream of the initiation codon of
ORF1, ORF2, ORF3, ORF4, and ORF5 showed AT values
of 85, 75, 72, 73, and 85%, respectively. Thus these CVK2
ORFs seem to have maintained the potential for expres-
sion.
Expression of Vp260-like gene copies
To examine whether Vp260 gene copies are ex-
pressed during viral infection, total RNA was extracted at
various times after CVK2 infection and was analyzed by
Northern blot hybridization. Using a probe for the authen-
tic Vp260 gene, a major band of approximately 3 kb first
appears at 60 min postinfection (p.i.) and its amount
increased until 240 min p.i. (Fig. 4A). A minor band of ca.
TABLE 1






homology (%) Fasta Z score DescriptionStart (bp) Stop (bp)
ORF 1 6,469 2,969 1167 24 802.6 Vp260-like protein of PBCV-1
ORF 2 10,927 6,539 1463 20 652.4 Vp260-like protein of PBCV-1
ORF 3 15,401 11,010 1465 22 534.3 Vp260-like protein of PBCV-1
ORF 4 19,868 15,825 1348 20 683.4 Vp260-like protein of PBCV-1
ORF 5 22,801 19,934 956 21 810.9 Vp260-like protein of PBCV-1
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FIG. 2. Alignment of predicted amino acid sequences of five ORFs encoded within the extra region and PBCV-1 Vp260 by using Clustal W. Invariant
amino acid residues are indicated by asterisks. Conserved similar residues are indicated by double and single dots. The start of each of the
13-amino-acid repeats in PBCV-1 (Que et al., 1994) is indicated by an arrowhead.
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2.8 kb was also visible concomitantly, likely caused by
cross-hybridization with other gene copies, as described
below. Therefore, Vp260 is a typical late gene like the
major capsid protein Vp54 (Graves and Meints, 1992).
The ORF1 probe detected a major transcript of approx-
imately 4.0 kb (Fig. 4B). This transcript appeared from 60
min p.i. and, like Vp260, accumulated until the end of the
infection period. Additional bands of 4.4, 2.8, and 1.5 kb
were seen; although the nature of all bands is unclear,
the 4.4- and 2.8-kb bands may be cross-hybridizing ORF2
and ORF5 RNAs, respectively. The ORF2 probe gave a
banding pattern similar to that of the ORF1 probe (Fig.
4C). As described above, neither the size nor the nucle-
otide sequence of ORF2 can be distinguished from those
of ORF3 and ORF4, so the major 4.4-kb band must si-
multaneously contain transcripts of ORF2, ORF3, and
ORF4, if any at all. With the probe for ORF5, a major band
of 2.8 kb was detected (Fig. 4D). The size of the transcript
coincided well with that of the ORF sequence. All of
these genes show a late expressing pattern. Taken to-
gether, these results suggest that most of the Vp260-like
gene copies are actually expressed late in infection.
Protein formation in the virus-infected cells was also
examined by Western blot analysis with specific antibod-
ies raised against GST-fusion proteins (ORF1, ORF3,
ORF5, and Vp260) produced in Escherichia coli. How-
ever, scarcely any of these proteins that were formed in
the virus-infected cells could be blotted onto a nylon
membrane. This may have been caused by the unusual
nature of these proteins, for example, by dense glycosy-
lations. Their formation and incorporation into viral par-
ticles were shown by comparing viral proteins between
CVK2 and the deletion mutants CVI1 and CVI2 (Songsri et
al., 1995). These deletion mutants were previously de-
rived from CVK1, which is closely related to CVK2. Both
CVI1 and CVI2 lack a left terminal genomic region of
30–34 kb where the ORF1–ORF5 sequences are located.
Structural proteins of CVK1, CVK2, CVI1, CVI2, and
PBCV-1 were separated by sodium dodecyl phosphate–
polyacrylamide gel electrophoresis (SDS–PAGE) (Fig. 5);
wild-type CVK1 (lane 6) and CVK2 (lane 3) contained a
few additional proteins of 230–260 kDa (indicated by
arrows in the figure) compared to the deletion mutants
(lanes 4 and 5). The observed sizes are much larger than
the predicted sizes for these proteins from the amino
acid compositions which are no larger than 160 kDa.
This discrepancy in sizes is probably due to glycosyla-
tion. To test this and to assign the exact position of Vp260
FIG. 2—Continued
FIG. 3. Phylogenetic tree resulting from analysis of the amino acid
sequences of five ORFs and Vp260 by using Clustal W. The phylogeny
was derived by the neighbor-joining method applied to pairwise se-
quence distances. Branch lengths are drawn to scale with the bar
indicating 0.1-amino-acid replacements per site.
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FIG. 5. SDS–polyacrylamide gel electrophoresis of viral proteins and detection of glycoproteins. Lanes 1–6, stained with Coomassie brilliant blue;
lanes 7 and 8, stained with Schiff’s reagent. Lanes: 1, molecular mass markers; 2, PBCV-1; 3, CVK2; 4, CVI1; 5, CVI2; 6, CVK1; 7, PBCV-1; 8, CVK2. Both
CVI1 and CVI2 are deletion mutants derived from CVK1. The protein patterns from CVK1 and CVK2 are very similar. Arrows indicate bands missing
in the mutants. Open arrows 1 and 2 indicate Vp280 and Vp260 of PBCV-1, respectively.
FIG. 4. Northern blot analysis of RNA isolated from virus-infected Chlorella cells at various times p.i. Total RNA isolated from CVK2-infected
Chlorella NC64A cells was hybridized with 32P-labeled probes of the authentic Vp260 gene (A), ORF1 (B), ORF2 (C), and ORF5 (D), respectively. RNA
size markers (RNA molecular weight marker I, Roche Diagnostics) were used for size estimation.
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in the PBCV-1 lane, the electrophoretically separated
viral proteins were stained with Schiff’s reagent for gly-
coproteins. As shown in Fig. 5 (lane 7), two bands were
stained in the PBCV-1 lane. The upper and lower bands
should correspond to Vp280 and Vp260, respectively
(Que et al., 1994). As for the CVK2 proteins, all three
bands marked as above were strongly stained (lane 8),
indicating that they are actually glycosylated. No bands
were detected at or above the position corresponding to
PBCV-1 Vp260, indicating that the CVK2 Vp260-like pro-
teins are a little smaller. The exact position of the au-
thentic Vp260 of CVK2 could not be assigned by over-
lapping with another protein(s).
Taken together, these results clearly indicate the in-
corporation of Vp260-like proteins in the CVK2 viral par-
ticles.
Divergence of the Vp260 genes among chloroviruses
There are five extra copies in addition to the authentic
Vp260 gene on the genome of CVK2 that was isolated in
Japan, while only a single gene is present on the genome
of PBCV-1 isolated in the United States (Van Etten et al.,
1982). Therefore, we became interested in a possible
variation in the copies of the Vp260 gene among chloro-
viruses isolated from various localities in Japan. Viral
DNAs of 13 different chloroviral isolates (Yamada et al.,
1991) were digested with EcoRI and subjected to South-
ern blot analysis using a probe of ORF2 DNA. CVK2 DNA
gave two strong bands of 6.3 and 7.5 kb, whereas PBCV-1
gave none (Fig. 6); both results were as expected. All
other viruses but one (lane 6) showed more than two
hybridizing bands, suggesting a frequent occurrence of
such gene copies on the chloroviral genomes.
DISCUSSION
Like chloroviruses, poxviruses and African swine fever
virus (ASFV) have genomes of linear dsDNA with in-
verted terminal repeats and covalently closed hairpin
ends. Poxviruses (Moss, 1990) and ASFV (Blasco et al.,
1989) have a large conserved region in the center of their
genomes that encodes essential genes and variable
regions near the ends of the genomes that encode
genes involved in host range. Variable regions on the left
end of chloroviral genomes have also been demon-
strated by analyzing several deletion mutants of CVK1
(Songsri et al., 1995) and PBCV-1 (Landstein et al., 1995).
In the genome of CVK1, a 30- to 45-kb region located on
the left end is unnecessary for replication in Chlorella
strain NC64A in the laboratory (Songsri et al., 1995).
Landstein et al. (1995) also found that 40.1 kb of single-
copy DNA encoding 31 ORFs at the left end of the 330-kb
genome can be deleted. It is remarkable that the left
junction of the CVK2-PBCV-1 homology region deter-
mined in the present study (position 4901 in the PBCV-1
FIG. 6. Southern blot analysis of genomic DNAs isolated from 15 different chloroviruses. (A) EcoRI fragments of viral genomic DNAs were hybridized
with ORF2 gene as a probe. Two hybridizing bands of 6.3 and 7.5 kb were seen for CVK2 (arrows). Positions of size markers are shown on the left
side. Lanes: 1, CVHA1; 2, CVHI1; 3, CVKA1; 4, CVBR4; 5, CVA1; 6, CVNI1; 7, CVNA1; 8, CVIK1; 9, CVTS1; 10, CVSE1; 11, CVO1; 12, CVNA2; 13, CVKU2;
14, PBCV-1; 15, CVK2.
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sequence) coincides precisely with the left border of one
of the PBCV-1 deletions (P1210). This site may serve as a
hot spot for various rearrangements on the PBCV-1 ge-
nome.
A 15,651-bp sequence of PBCV-1 DNA that has non-
homology with CVK2 DNA was found to contain seven
major ORFs, including A10R and A11L, which resemble a
major capsid protein, Vp54, and A14R, A18L, and A29L,
which have some homology with the cell-surface anti-
gens of Rickettsia (U42580). In contrast, the 22,240-bp
extra CVK2 sequence contained five copies of Vp260-like
genes. Vp260 is one of the three glycoproteins that are
located on the surface of chlorovirus particles. Vp260
makes up approximately 0.1% of the total PBCV-1 protein,
and the other two glycoproteins Vp54 and Vp280 consti-
tute approximately 40 and 1% of the virion proteins,
respectively (Van Etten and Meints, 1999). Thus, as is the
case for poxviruses and ASFV, the variable region near
the left end of CVK2 and PBCV-1 contains the genes for
viral-surface proteins, which may be involved in host-
range determination. In this context, it would be interest-
ing to note that Vp280 was not detected in the CVK2
particles (Fig. 5, lane 8). Judging from its large size (280
kDa), a possible candidate for the Vp280 gene would be
A14R coding for 1369 aa or A18L coding for 1,335 aa
(GenBank Accession No. U42580). Both A14R and A18L
are missing in the CVK2 genome as described above.
Therefore, some of the extra Vp260-like proteins may be
structurally and/or functionally substituted for Vp280 in
CVK2.
PBCV-1 Vp260 protein was characterized as a 104-kDa
protein containing 13 internally located, tandem repeats
of 61–65 aa residues (Que et al., 1994). A PBCV-1 anti-
serum-resistant mutant deletes the equivalent of 4 of the
repeat sequences and duplicates 1. This result suggests
variability of the Vp260 protein and its contribution in
determining the viral-surface nature. It is noteworthy that
Vp260 has some similarity to a prominent 190-kDa sur-
face protein from Rickettsia rickettsii (Anderson et al.,
1990), although details of the role of this protein are not
known. The CVK2 gene corresponding to PBCV-1 A122R
that encodes authentic Vp260 was found at an equivalent
position (approximately 70 kb from the left end) on CVK2
DNA (Fig. 1). The partial nucleotide sequence deter-
mined for the CVK2 A122R-like gene was almost identical
to that of PBCV-1. This gene was expressed late in
infection, consistent with it being a viral structural pro-
tein. Five copies of the Vp260-like proteins encoded
within the extra region varied in size from 956 to 1463
residues and varied 39–82% in amino acid sequence
homology from one another. Despite the presence of
deletions/insertions at the N- and/or C-termini in some of
these proteins, an internal region containing 10 tandem
repeats is well conserved. If these copies had been
formed by sequential gene duplication from an original
gene, it would be interesting to hypothesize an evolu-
tionary order of ORF1–ORF5–ORF4–ORF3–ORF2 based
on the dendrogram shown in Fig. 3.
Northern blot analysis revealed that ORF1–ORF5 are
expressed late in infection. The gene products are also
incorporated into viral capsids, as demonstrated by com-
parison of structural proteins between wild-type and mu-
tant viruses. Therefore, these proteins may confer a
structural variation on chloroviruses. At present, there is
no information regarding either the composition of cop-
ies of each protein in an individual viral particle or the
overall distribution of each protein in a viral population.
However, it appears that most viral isolates from Japan
share multiple copies of the Vp260-like gene. Only one of
13 viruses tested showed a pattern similar to that of
PBCV-1, which has only one copy. This result indicates
that in a natural environment, variations in the Vp260-like
gene on viral particles would confer an advantage, even
if the extra copies could be readily deleted when viruses
are replicated in the laboratory with Chlorella strain
NC64A as a host (Songsri et al., 1995).
MATERIALS AND METHODS
Cells and viruses
Cells of Chlorella strain NC64A (Muscatine et al., 1967)
were cultured in modified Bold’s basal medium (MBBM),
as described (Van Etten et al., 1983). Some of the chlo-
roviruses, including CVK2, have been described previ-
ously (Yamada et al., 1991, 1993), and others were re-
cently isolated from fresh water in Japan using methods
already described (Yamada et al., 1991). Mutant viruses
CVI1 and CVI2 were those described by Songsri et al.
(1995).
DNA cloning and sequencing
Overlapping cosmid clones covering the entire region of
CVK2 DNA have been described previously (Nishida et al.,
1999). Subcloning for DNA sequencing was performed us-
ing pBluescript II SK() vector to ensure overlapping of
each clone. For cloning of the authentic Vp260 gene from
CVK2 DNA, a set of PCR primers, 5ATGGGATCGTATTTT-
GTCCCACC (sense primer) and 5TCATCTGACCCGAA-
GAGCACC (reverse primer), were synthesized according to
the PBCV-1 A122R sequence (GenBank Accession No.
U42580). The PCR-amplified fragment from CVK2 DNA was
directly connected to a pGEM-T Easy vector (Promega) and
cloned into E. coli JM109. DNA sequencing by the dideoxy
method was performed in an Automated Laser Fluores-
cence (ALF) DNA sequencer (Amersham Pharmacia Bio-
tech). Sequence data were compiled and analyzed using
the DNASIS version 3.0 program (Hitachi Software Engi-
neering, Tokyo, Japan). The DDBJ/EMBL/GenBank data-
bases were searched for homologous sequences using the
FASTA computer program (Pearson and Lipman, 1988). Se-
quence data of the 24,560-bp region have been deposited
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with the DDBJ/EMBL/GenBank databases under Accession
No. AB063108.
Southern and Northern blot analyses
DNA was isolated from purified virus particles by phe-
nol extraction as described previously (Yamada et al.,
1991). DNA restriction fragments were transferred to ny-
lon filters and hybridized with a probe labeled with fluo-
rescein isothiocyanate (Gene Image kit, Amersham Phar-
macia Biotech) and detected with a CDP-Star detection
module (Amersham Pharmacia Biotech). A 1214-bp frag-
ment of the 7.5-kb EcoRI subclone containing a specific
portion of ORF2 was amplified by PCR with synthetic
oligonucleotide primers 5CGCGGATCCGTTCCAAATA-
CACGTTTAAACCCAGC (sense primer) and 5CGGAAT-
TCCACCTACACTCCTCAAACCAATGATG (reverse primer)
and was used as a probe.
Total RNA was isolated from uninfected and CVK2-in-
fected Chlorella NC64A cells at various times postinfection,
as described previously (Yamada et al., 1997), separated by
2.0% agarose gel with formaldehyde, blotted onto nylon
filters, and hybridized with 32P-labeled probes under stan-
dard conditions. The specific probes used were as follows:
a 1192-bp fragment of the 6.5-kb EcoRI subclone containing
a specific portion of ORF1 that was amplified by PCR with
primers 5CGCGGATCCGGGACACAAAACGTCAATATTTCTG
(sense primer) and 5CGGAATTCCGGGCTAACATTTG-
CACTCATCAC (reverse primer); the same fragment was
used in the Southern blot for ORF2; a 1172-bp fragment of
the 8.4-kb EcoRI subclone containing a specific portion of
ORF5 that was amplified by PCR with primers 5CGGAAT-
TCGGTTACCAACGGACAATCTA TTCGTC (sense primer)
and 5CGCGGATCCGTATACGGTAACATAACCGTATTAG (re-
verse primer). The washed filters were autoradiographed
for 24–72 h.
SDS–PAGE
Purified viruses (1.0 A 260 units per sample) were sus-
pended in a sample buffer containing 10% glycerol, 5%
2-mercaptoethanol, 3% SDS, 62.5 mM Tris–HCl (pH 6.8),
and 0.01% bromophenol blue. The samples were dena-
tured at 100°C for 3 min and loaded onto a 7.5% poly-
acrylamide slab gel prior to electrophoresis for 4 h at 100
V with the buffer described by Laemmli (1970). The viral
proteins were compared after staining with Coomassie
brilliant blue R-250. To detect glycoproteins, the electro-
phoretically separated viral proteins were stained with
Schiff’s reagent according to a standard method (Za-
charius et al., 1969). The molecular mass markers ob-
tained from Amersham Pharmacia Biotech (HMW-SDS)
were rabbit muscle myosin (220,000 Da), bovine plasma
-2-macroglobulin (170,000 Da), E. coli -galactosidase
(116,000 Da), human transferrin (76,000 Da), and bovine
liver glutamate dehydrogenase (53,000 Da).
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